Abstract A silica-supported cobalt catalyst was prepared by hydrogen dielectric-barrier discharge (H2-DBD) plasma. Compared to thermal hydrogen reduction, H2-DBD plasma treatment can not only fully decompose the cobalt precursor but also partially reduce the cobalt oxides at lower temperature and with less time. The effect of the discharge atmosphere on the property of the plasma-prepared catalyst and the Fischer-Tropsch synthesis activity was studied. The results indicate that H2-DBD plasma treatment is a promising alternative for preparing Co/SiO2 catalysts from the viewpoint of energy savings and efficiency.
Introduction
Fischer-Tropsch (FT) synthesis is an important reaction that can produce hydrocarbons from syngas (CO and H 2 ), obtained from the reformation of natural gas or the gasification of coal, heavy oil or biomass [1−3] . In recent years, increasing demand and fluctuating energy prices, coupled with unstable fuel supplies and energy security concerns in many countries, have led to increasing interest in FT synthesis [4, 5] . FT synthesis proceeds mainly on metal (Fe, Co and Ru)-supported catalysts [6] . Among these catalysts, cobalt catalysts are preferred due to their high productivity, high chain growth probability, high stability, low activity for water gas shift reaction and lower price compared to noble metals [7] . It is well known that the catalyst preparation method can significantly affect the catalytic activity and selectivity of supported cobalt catalysts since the microstructure of the cobalt catalyst is closely dependent on the preparation method [6] . The traditional preparation process of a supported cobalt catalyst usually requires several unit operations, including the introduction of the cobalt precursor onto the support (silica, alumina, titania and carbonaceous materials), drying, calcination and reduction [8, 9] . Among these unit operations, calcination and reduction, with crucial importance, often proceed at high temperature for a long time [10−13] . These two steps often lead to the migration and agglomeration of cobalt species or damage of the catalyst structure, which can lead to a broad size distribution of cobalt particles, decrease the cobalt dispersion and further affect the FT synthesis activity [14] . So, the search for a more effective preparation method for a supported cobalt catalyst is important.
It is worth noting that the decomposition of the impregnated cobalt precursor has a significant influence on the performance of the catalyst [15] . According to Girardon et al. [16] , Co dispersion was significantly increased in a catalyst that was prepared using low-temperature cobalt nitrate decomposition. However, traditional calcination at low temperature often leads to incomplete decomposition [17] . To achieve complete decomposition of a precursor at low temperature, nonthermal plasmas, including glow discharge, dielectric-barrier discharge (or silent discharge) and RF discharge are usually introduced to the preparation process to improve the catalytic activity [18] . A typical property of this kind of plasma is that the electrons in nonthermal plasma can reach temperatures as high as 10,000-100,000 K (1-10 eV), while the gas temperature remains as low as room temperature [18] . Liu et al. [19−21] showed that Ni(NO 3 ) 2 and Co(NO 3 ) 2 can be decomposed by argon glow discharge plasma. Chu et al. [7] prepared an alumina-supported Co catalyst using glow discharge plasma and reported an in-creased Co dispersion when decomposition of cobalt nitrate was conducted using plasma instead of thermal calcination. Hong et al. [22] prepared a series of silica-supported cobalt-based catalysts by glow discharge plasma at different applied voltages and found that glow discharge plasma is effective for enhancing cobalt dispersion and improving its catalytic performance. However, glow discharge plasma is generally operated under low-pressure with a vacuum system. In addition, the decomposition of the supported nitrate using glow discharge plasma requires approximately 1-2 h [7, 21] and usually assists in the calcination process to increase the stability of the catalyst [22] . In contrast, DBD plasma can be initiated under atmospheric pressure with high density, high-energy electrons. DBD plasma is an easier process to be scaled-up for industrial application because alternating current can be directly used as the input power resource and the process can be operated under normal atmospheric pressure [23, 24] . Some researchers have investigated using DBD plasma to prepare catalysts. Kuai et al. [25] reported that DBD plasma is an excellent method for the decomposition of carbonates to prepare CuO-ZnO catalysts in a rapid and energy efficient manner. Huang et al. [17, 26] found that for FT catalyst preparation, the DBD decomposition method can not only shorten the decomposition time but also achieve an increased Co dispersion, small Co 3 O 4 cluster size and uniform distribution compared to the traditional calcination method. However, contrary to expectation, this doesn't result in an improved FT activity but an equivalent FT activity as compared with that from the traditional calcination method. The reason may be that the highly dispersed Co species will agglomerate again to form larger Co metals in the hightemperature reduction process by H 2 . Therefore, in order to replace the high-temperature decomposition and reduction processes, we tried to use DBD plasma to not only decompose the precursor but also reduce the decomposed oxides, which was not reported in the literature.
In this work, we prepared a Co/SiO 2 catalyst by H 2 -DBD plasma treatment rather than the hightemperature calcination and reduction process. The effect of H 2 -DBD plasma pretreatment on the cobalt dispersion, reducibility and structure of the catalyst was investigated using X-ray diffraction (XRD), temperature-programmed reduction (TPR), N 2 adsorption/desorption and transmission electron microscopy (TEM). The catalytic performance of the cobalt catalysts for FT synthesis was evaluated in a fixed-bed microreactor.
Experiment

Catalyst preparation
A commercial silica gel (Qingdao Yumingyuan SilicaGel Reagent Factory, China) was used as the support material. A catalyst with 20 wt.% Co was prepared by incipient wetness impregnation using aqueous solutions of cobalt nitrate (Co(NO 3 ) 2 ·6H 2 O, 99.0%, Tianjin Guangfu Institute of Fine Chemicals, China). After impregnation, the catalyst was dried at 100
• C in an oven for 10 h. After being dried, the sample was treated by either plate-type or tubular-type single-medium plasma equipment, as presented in Fig. 1 and Fig. 2 . Under a flow of pure H 2 (or Ar, Ar-H 2 ) gas mixture, DBD plasma was initiated by a high-voltage AC generator (provided by Tianda Cutting and Welding Setup Inc. Ltd., China) at atmospheric pressure and room temperature. The sample treated by H 2 -DBD plasma is designated as "PSWA-tT", where "PS" indicates that the compound was treated by single-medium DBD plasma, "W" indicates the input power used in the plasma pretreatment, "A" indicates the gas atmosphere, "t" indicates the treatment time and "T" indicates the tubular reactor (if not marked "T", it indicates that a plate reactor was used). For comparison, the catalyst named "C500Air-5" with 20 wt.% Co was prepared by incipient wetness impregnation. After the drying step, the sample was calcined at 500
• C in an air flow (∼60 mL/min) for 5 h. 
Catalyst characterization
The textual property of the catalyst was measured using a Micromeritics Tristar-3000 system. Before measurement, the sample was degassed at 300
• C for 4 h under 50 mTorr vacuum. The adsorption of N 2 was performed at −196
• C to get the adsorption isotherms. Prior to the measurement, the sample was degassed at 300
• C for 16 h.
XRD characterization was performed using a RigakuD/max-2500 diffractometer with Cu Kα radiation (40 kV, 200 mA). The scan rate was 8
• /min, and the scan range is 2θ=5
• -90
• . The reduction behavior of the as-prepared catalyst was studied by TPR using a Micromeritics AutoChem 2910 system equipped with a thermal conductivity detector. In a gas stream of 10% H 2 /Ar at flow rate of 30 mL/min, a 0.2 g as-prepared catalyst sample was placed in a U-shape quartz tube and heated up to 900
• C at 10
• C/min. Before the TPR measurement, each sample was flushed with argon flow at 200
• C for 60 min to remove traces of water and then cooled to room temperature.
The morphology of the catalyst was characterized by TEM. Sample specimens for TEM studies were prepared by ultrasonic dispersion of the catalysts in ethanol, and the suspensions were dropped onto a carbon-coated copper grid. TEM investigations were carried out using a JEOL-JEM-100CXII(100 kV) TEM equipped with a NARON energy-dispersive spectrometer and a germanium detector.
Catalytic reaction
The FT synthesis reaction over the Co-based catalyst was carried out in a fixed bed reactor (a stainless steel tube with an I.D. of 8 mm)) system. Fig. 3 shows the experimental diagram for the FT synthesis test. The loading of the catalyst (3 mL) treated by H 2 -DBD plasma to the reactor was proceeded in an inert gas protection. In some cases, the catalyst was reduced at 400
• C for 10 h under atmospheric pressure and H 2 flow with 100 mL/min before the reaction test. The gaseous mixture of syngas (90 vol.% with H 2 /CO ratio of 2) and argon (10 vol.%, as internal gas for quantitative analysis) was fed to the reactor at a flow rate of 100 mL/min. An SY9303B-type mass flow controller was used to control the flow rate of H 2 , CO and Ar (10% v/v, as internal standard) to the reactor. The reactor temperature was increased to 230
• C at a rate of 0.5
• C/min and the pressure was increased to 2.0 MPa. After the reaction, the product wax/water mixture was collected in a hot trap (170
• C) and the oil/water mixture in a cold trap (−4
• C). The pressure of the uncondensed vapor stream was reduced to atmospheric pressure through a back-pressure valve, and then passed through an Agilent 6820 GC equipped with thermal conductivity detector (TCD) and flame ionization detector (FID) detectors for online analysis. The coldtrap and hot-trap collections were analyzed by an SP-3420 GC equipped with an FID detector. The catalytic activity was characterized by CO conversion and the selectivity of the hydrocarbons, which was measured at steady state and calculated based on the carbon basis [27] . The chain growth probability (α value) was obtained based on the Anderson-Schultz-Flory chainlength statistics equation [28] . Fig.3 Schematic graph of the FT synthesis evaluation setup with fixed-bed reactor 3 Results and discussion
Comparison of the Co catalysts treated by two types of plasma equipment
To optimize the H 2 -DBD plasma effect, two types of single-medium plasma equipment, the plate-type and tubular-type, were used to decompose the Co/SiO 2 catalysts under the following conditions: hydrogen flow rate of 60 mL/min, atmospheric pressure, input power 70 W, catalyst loading 1 g, processing time 0.5 h. The weight loss rates of the Co/SiO 2 catalysts after H 2 -DBD plasma treatment were measured and listed in Table 1 . The weight loss rate of the PS70H 2 -0.5T catalyst after H 2 -DBD plasma treatment in the tubulartype equipment is 39.04%, which is much higher than 30.36% of catalyst PS70H 2 -0.5 after H 2 -DBD plasma treatment in the plate-type equipment. Our previous study showed that the calcination at 500
• C in air for 5 h of the 20% Co/SiO 2 catalyst can make the cobalt nitrate decompose completely and provide a 31.8% weight loss rate of the catalyst. So, it was considered that the cobalt nitrate precursor was decomposed to Co 3 O 4 almost completely for the PS70H 2 -0.5 sample. While for the PS70H 2 -0.5T catalyst, it was deduced that not only had the precursor been decomposed completely, but part of the Co 3 O 4 species had been reduced to metallic Co and CoO because of its higher weight loss rate than that of the conventional C500Air-5 catalyst, which can be further proved by the XRD pattern shown later (Fig. 7) . So, tubular-type equipment was used to perform H 2 -DBD plasma treatment in the following experiments. For H 2 -DBD plasma treatment at atmospheric pressure and room temperature, the bulk temperature in the plasma zone is almost room temperature, in which the electronic temperature is as high as 10000 K. It was considered that the local high-temperature effect and the bombardment of the high-energy electrons coming from the plasma discharge can decompose the metal precursor. It is worth noting that some metals, like Au, Pd, Pt, Ir and Rh, could be obtained through the plasma treatment of the metal precursor even in oxygen or air atmosphere [14] . H 2 plasmas have excellent abilities in reducing metal ions due to the strong reducing nature of H radicals or atoms that are produced in the plasma. But the reduction of oxides to the corresponding metals was not fully understood and only a few related reports can be found [14] .
3.2 The reduction behavior of the Co/SiO 2 catalyst by H 2 -DBD plasma
Cobalt oxides on the catalyst can be first reduced to CoO and then Co with some of the water produced in the hydrogen reduction process according to the following steps [12] :
It was found that during the H 2 -DBD plasma treatment process of the catalyst, a large amount of water will be released in a very short time, implying a quick decomposition of the cobalt precursor to cobalt oxides, or even the occurrence of reduction. Besides, some of the coordinated water molecules of the cobalt precursor still exist after drying and will be released during the reduction process. According to the reports in the literature [9, 22] , Co 2 SiO 4 species could be formed more easily by a reaction between small CoO particles and silica (2CoO + SiO 2 → Co 2 SiO 4 ), while water is favorable for Co 2 SiO 4 formation [22] . So, cobalt silicate can be produced by the interaction between SiO 2 and CoO particles under the existence of a large amount of water vapor during the preparation of a Co/SiO 2 catalyst using the H 2 -DBD plasma method.
It is difficult to discriminate the Co 2 SiO 4 from Co 3 O 4 by XRD characterization since the characteristic peak of Co 2 SiO 4 overlaps with that of Co 3 O 4 . Fortunately, the TPR temperature of Co 2 SiO 4 and Co 3 O 4 are different for C500Air-5, PS40Ar-0.5 and PS70H 2 -0.5T catalysts, as shown in Fig. 4 . At the same catalyst loading (0.2 g) and TPR test condition, the TPR peak area reflects the reduction performance of these three catalysts. As shown in Fig. 4 , the occurrence of multiple reduction peaks indicates the presence of a number of reducible cobalt species. The small peak around 190
• C for the PS40Ar-0.5 catalyst was the reductive decomposition of residual cobalt nitrate due to lower discharge power [27] . Apart from this peak, each catalyst showed three reduction peaks with a similar position but different shape. The two peaks between 205
• C and 660 • C were attributed to the two-step reduction of Co 3 O 4 particles to Co 0 via the intermediate CoO species [11, 29] . The peak located at a temperature higher than 660
• C was assigned to the reduction of the hardly reducible species Co 2 SiO 4 [27] . Obviously, the reduction temperature of Co 3 O 4 to CoO on both the PS40Ar-0.5 and PS70H 2 -0.5T catalysts is lower than that of the C500Air-5 catalyst due to low-temperature decomposition, which implied that more small cobalt oxides particles were dispersed on the catalyst prepared by plasma. Besides, the reduction peak of CoO → Co 0 between 350 • C and 660
• C for the PS40Ar-0.5 and PS70H 2 -0.5T catalysts was wider than that for the C500Air-5 catalyst, suggesting that the small CoO species resulting from the reduction of small cobalt oxides particles have a stronger interaction with the support for the catalysts prepared by Ar-DBD and H 2 -DBD plasma [9, 11, 22, 30, 31] . Also, the TEM images shown in Fig. 5 prove that plasma treatment can get smaller, uniform Co 3 O 4 particles. The existence of small and uniform cobalt oxides particles is beneficial for the increase in cobalt dispersion. However, the Co 2 SiO 4 content in the PS40Ar-0.5 and PS70H 2 -0.5T catalysts was higher than that in C500Air-5 because smaller CoO is favorable for Co 2 SiO 4 formation. It is no wonder that the enhancement of cobalt dispersion and the cobalt reduction degree is hard to achieve simultaneously for silica-supported cobalt catalysts, as reported [9] . .) ) for reducing the 20% Co/SiO2 catalyst and H2 consumption for the 20% Co/SiO2 catalyst during the TPR test. c For the PS40Ar-0.5 catalyst, the H2 consumption of the residual cobalt nitrate is not considered in the total VH2, so the total peak area of AI, AII and AIII is less than 100%. This is the same as the data in Table 3 .
theoretical H 2 consumption of unreduced Co/SiO 2 catalysts and the H 2 consumption of PS70H 2 -0.5T during the TPR test. Another interesting observation is that the Co 2 SiO 4 content in the PS70H 2 -0.5T catalyst is higher than that in the PS40Ar-0.5 catalyst, which implies that more Co 2 SiO 4 species were formed in the PS70H 2 -0.5T catalyst during the H 2 -plasma process and TPR experiment [22] . While for the PS40Ar-0.5 catalyst, cobalt silicate was formed mainly during the TPR test [22] .
The above study shows that H 2 -DBD treatment could be used to not only decompose the cobalt precursor but also reduce part of the Co 3 O 4 more effectively than the traditional calcination and reduction processes. The large shortcoming is that more Co 2 SiO 4 species were formed during the H 2 -DBD plasma process. If we can find a way to prevent the formation of Co 2 SiO 4 species during the H 2 -DBD process, for example, by making the water detached from the catalyst as fast as possible, then we can get a catalyst with not only high reducibility but also high Co dispersion.
Comparatively, Ar-DBD plasma can get a lower amount of Co 2 SiO 4 than the H 2 -DBD process but with a lower reduction effect. In order to investigate the formation of Co 2 SiO 4 species in the plasma preparation of the catalyst, the PS40Ar-0.5 catalyst prepared by Ar-DBD plasma was further treated by H 2 -DBD plasma. The obtained catalyst was named PS40Ar-0.5/PS70H 2 -0.5T. As shown in Fig. 6 and Table 3 , the peak at 180
• C attributed to the residual Co(NO 3 ) 2 decomposition vanished, and the H 2 consumption during the TPR test and the Co 3 O 4 content decreased for the PS40Ar-0.5/PS70H 2 -0.5T catalyst. This further proves that H 2 -DBD treatment can play dual roles of decomposition and reduction. However, the amount of Co 2 SiO 4 species in the PS40Ar-0.5/PS70H 2 -0.5T catalyst is higher than that of the PS40Ar-0.5 catalyst but less than that of the PS70H 2 -0.5T catalyst (as listed in Table 3 ). This is because less water was formed in the follow-up H 2 -DBD plasma treatment of the PS40Ar-0.5/PS70H 2 -0.5T catalyst than that in the preparation of the PS70H 2 -0.5T catalyst. So, less water decreased the formation of cobalt silicate. This result reminds us to further study the effect of DBD plasma treatment in an H 2 and Ar mixture on the Co/SiO 2 catalyst. A H 2 /Ar mixture (H 2 : Ar=1 : 3) plasma was used to decompose the Co/SiO 2 catalyst, and the obtained catalyst was named PS70(1H 2 /3Ar)-0.5T. Its TPR result was compared with the TPR result of Ar-DBD plus H 2 -DBD treatment, as shown in Fig. 6 . Obviously, no peak corresponding to the decomposition of the residual Co(NO 3 ) 2 exists in the PS70(1H 2 /3Ar)-0.5T catalyst [27] . Compared with the PS40Ar-0.5/PS70H 2 -0.5T catalyst, the H 2 consumption during the TPR test and the Co 2 SiO 4 amount further decreased, though the Co 3 O 4 content had a slight increase. This result shows that using diluted H 2 in inert gas for the DBD plasma treatment of the Co/SiO 2 catalyst can improve the reduction degree and decrease the Co 2 SiO 4 amount to some extent, which is consistent with our previous assumption that decreasing the water content in the DBD plasma using low H 2 concentration atmosphere can decrease the formation of Co 2 SiO 4 . The optimum H 2 concentration in inert gas needs to be investigated further.
The textual properties of the
Co/SiO 2 catalyst prepared by H 2 -DBD plasma N 2 adsorption/desorption was carried out to characterize the textural properties of the Co/SiO 2 catalyst prepared by H 2 -DBD plasma. The structural parameters of the PS70H 2 -0.5T and PS40Ar-0.5 catalyst were listed in Table 4 . Due to the part reduction of cobalt oxides during H 2 -DBD plasma treatment, the pore size, pore volume and surface area of the PS70H 2 -0.5T catalyst are higher than those of the PS40Ar-0.5 catalyst. Fig. 7 shows the XRD patterns of the C500Air-5, PS40Ar-0.5 and PS70H 2 -0.5T catalysts. Obviously, almost the same XRD patterns exist in the C500Air-5 and PS40Ar-0.5 catalysts. Only Co 3 O 4 species were detected in these two catalysts. This further shows that Ar plasma can replace the traditional calcination process to decompose the cobalt precursor effectively. However, for the PS70H 2 -0.5T catalyst, Co 3 O 4 , CoO, Co and Co 2 SiO 4 species are clearly observed in Fig. 7 . This is consistent with the above TPR result and reflects the reduction ability of the H 2 plasma, which is different from Ar plasma. The activity and product selectivity of FT synthesis on the catalysts prepared by DBD plasma are shown in Fig. 8 . Among them, PS70H 2 -0.5T/NR was used for FT reaction directly without H 2 reduction, and PS70H 2 -0.5T, C500Air-5 and PS40Ar-0.5 were used for the reaction after H 2 reduction at 400
• C for 10 h. It can be seen that the lowest CO conversion was obtained for PS70H 2 -0.5T/NR. This was mainly attributed to its fewer active sites for FT synthesis due to part reduction by H 2 -DBD. After being reduced at 400
• C for 10 h under H 2 atmosphere, the PS70H 2 -0.5T catalyst showed an improved CO conversion, but it was still lower than that of the PS40Ar-0.5 catalyst, which is mainly attributed to its fewer active sites for FT synthesis due to the large amount of Co 2 SiO 4 resulting from incomplete reduction. It is known that FT synthesis proceeds on cobalt metal sites, and the number of active sites on supported cobalt-based catalysts depends on the reducibility and cobalt dispersion, which is related to the size of the cobalt particles [22, 32] . An optimum equilibrium between cobalt dispersion and reducibility should be obtained to achieve high catalytic activity [22, 32] . Compared with the PS40Ar-0.5 catalyst, the PS70H 2 -0.5T catalyst also showed good cobalt dispersion. However, more Co 2 SiO 4 species that are difficult to reduce could exist in the PS70H 2 -0.5T catalyst than in PS40Ar-0.5 after H 2 reduction at 400
• C for 10 h, which could hinder the cobalt reducibility and further decrease the number of active sites [22] . For the PS70H 2 -0.5T catalyst, the Co 2 SiO 4 species forms during H 2 -DBD plasma treatment and the 400
• C H 2 reduction process. However, for the PS40Ar-0.5 catalyst, the Co 2 SiO 4 species was mainly formed during the 400
• C H 2 reduction process [22] . Besides, what is worth noting is that the PS40Ar-0.5 catalyst showed an improved CO conversation compared with the C500Air-5 catalyst, though more Co 2 SiO 4 species exist in the PS40Ar-0.5 catalyst. plasma preparation method can greatly reduce the energy consumption during the catalyst preparation process, which is in line with the principles of green chemistry.
Energy input estimates
Conclusions
In this study, an SiO 2 -supported cobalt catalyst containing 20 wt.% Co was prepared by H 2 -DBD plasma and characterized by different diagnostics. It was shown that H 2 -DBD plasma can not only completely decompose the cobalt precursor, but also partially reduce the cobalt oxides at a lower temperature and in less time. Compared with the traditional preparation method, H 2 -DBD plasma can achieve increased cobalt dispersion on a Co/SiO 2 catalyst, but decreased FT activity due to the strong interaction between the cobalt oxides and support. DBD plasma in diluted H 2 with inert gas can improve the reduction degree and decrease the Co 2 SiO 4 amount to some extent for the Co/SiO 2 catalyst, though the optimum H 2 concentration in inert gas needs to be investigated further. The lower energy input by the plasma technique proves that H 2 -DBD plasma is an effective and energy-saving alternative when preparing a Co/SiO 2 catalyst.
